Aim-To indicate the extent of lipid peroxidation induced by oxidative stress, by measuring aldehyde end products in biological samples. Methods-A highly specific gas chromatography and mass spectrometry (GC/ MS) method was used to measure plasma concentrations of aliphatic aldehydes within the first week of life in 13 premature infants who subsequently developed chronic lung disease (CLD) and 11 infants without CLD (non-CLD). The oxime-tertbutyldimethylsilyl derivatives of aldehydes were analysed using 2,2,6,6-d 4 -cyclohexanone as the internal standard. Results-All of the aldehydes measured were raised in those infants with CLD compared with non-CLD infants. Plasma concentrations of heptanal, 2-nonenal, and 4-hydroxynonenal (HNE) were significantly increased in CLD infants on the day of birth, while the diVerences in all aldehydes between the two groups were not significant at 4-6 days of age. Logistic regression analysis showed that the increase in these three aldehydes within the first 24 hours of life independently showed significant associations with the development of CLD. In particular, an HNE concentration of > 200 nM on day 0 was the best predictor for the early detection of CLD (odds ratio = 32.0), followed by a 2-nonenal concentration of > 150 nM (odds ratio = 16.0). Conclusions-These findings suggest that lipid peroxidation may have a role in the pathogenesis of neonatal CLD. (Arch Dis Child Fetal Neonatal Ed 1999;80:F21-F25) 
Chronic lung disease (CLD) of the newborn is one of the definitive factors influencing the mortality and morbidity of very low birthweight infants. 1 The aetiology is unknown, but many investigators have suggested that free radicals could have a key role in its development. 2 Recently, we and others found evidence for the involvement of free radicals in triggering CLD, using allantoin, an oxidation product of uric acid, as an in vivo marker of free radical generation. [3] [4] [5] However, allantoin dose not indicate the extent of free radical induced damage.
Although free radicals can injure many biological constituents, their eVects on lipid molecules are most frequently used to evaluate free radical induced damage, often by measuring the end products of lipid peroxidation, such as aldehydes and hydrocarbon gases. 6 Some noxious aldehydes, such as 4-hydroxynonenal (HNE), have also received attention as toxic secondary messengers, rather than simple inactive remnants of the lipid peroxidation process. 7 The thiobarbituric acid (TBA) test, which is supposed to detect malondialdehyde (MDA), is the one most frequently used to measure aldehydic end products. However, the TBA test has a low sensitivity and lacks specificity. [6] [7] [8] To date, conflicting results have been obtained with respect to the concentrations of TBA reactive substances in biological samples from infants with CLD. [9] [10] [11] In this study we attempted direct measurement of various aliphatic aldehyde concentrations in plasma using highly specific and sensitive gas chromatography and mass spectrometry (GC/MS), to overcome the disadvantages of the TBA test and to determine whether lipid peroxidation is involved in the development of CLD. We also measured the concentrations of -tocopherol and bilirubin as major antioxidants protecting against lipid peroxidation in plasma. As far as we are aware, this is the first report on the application of GC/MS for measuring aldehydes in newborn infants.
Methods
Inclusion criteria were: gestational age < 31 weeks; mechanical ventilation at birth with a diagnosis of respiratory distress syndrome (RDS); survival > 40 days; absence of congenital heart disease, multiple malformations, documented chromosomal abnormality, congenital infection, and confirmed sepsis; and availability of two serial plasma samples obtained on days 0 and 4-6. We obtained blood samples diluted with heparin by salvaging the remnants left after clinically indicated analysis of arterial blood gases was performed.
A total of 24 infants fulfilled the above criteria from among those admitted to the neonatal intensive care unit at Osaka Medical College between September 1995 and January 1998. They comprised 13 infants who had developed CLD (CLD group) and 11 infants with limited RDS (non-CLD group). The clinical characteristics of these 24 infants are summarised in table 1. Fetal distress was defined by the pres-ence of cardiotocographic abnormalitiesbaseline heart rate < 100/min or late decelerations. RDS was diagnosed from a combination of the characteristic clinical features and radiographic criteria along with negative bacterial cultures, and was confirmed by a stable microbubble test of the gastric aspirate. 12 Because of severe respiratory distress, 11 CLD infants and seven non-CLD infants received surfactant replacement with a single dose of surfactant TA (Tokyo Tanabe Co, Tokyo, Japan ) at a median time of 30 minutes after birth (range: 2-180 min). About a third of the neonates were ventilated by intermittent mandatory ventilation (IMV) at a rate of 10-40 breaths/min, a peak pressure of 15-20 cm H 2 O, and a positive end expiratory pressure of 3-5 cm H 2 O. The other infants received high frequency oscillatory ventilation (HFO) at a frequency of 15 cycles/s and a mean airway pressure of 10-15 cm H 2 O due to hypercapnoea ( PaCO 2 > 60 mmHg ) or fighting uncoordinated IMV. A transcutaneous oxygen monitor was used to monitor arterial oxygen tension to ensure that it was maintained at 60-80 mm Hg. CLD was defined as the requirement for extra oxygen supplementation beyond 28 days of age associated with symptoms of persistent respiratory distress and hazy lung fields on chest x-ray films. 13 No infant had a plasma IgM concentration >20 mg/dl or a positive acute phase reactant score at birth.
Immediately after collection, blood was centrifuged at 3000 × g for 10 minutes at 4°C to obtain plasma and stored at −80°C under nitrogen. All infants received intravenous glucose during the study period and broad spectrum antibiotics for at least the first 3 days of life. No infant received a blood transfusion within the study period.
The study protocol was approved by the ethics committee of our college hospital and investigations were performed only after informed parental consent had been obtained.
SAMPLE PREPARATION FOR GC/MS ASSAY
For oxime-tert-butyldimethylsilyl derivatisation of plasma aldehydes, we applied the method used for isolated rat hepatocytes.
14 Deuterated cyclohexanone (2,2,6,6-d 4 -cyclohexanone; Isotec Inc. Miamisburg, OH, USA) was used as the internal standard instead of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] cyclohexanone as in the original method. d4-cyclohexanone (25 pmol) was added to 50 µl of plasma and the mixture was reacted with 1 ml of 0.6 M HClO 4 containing 100 mg of hydroxylamine hydrochloride at room temperature in the dark for 15 minutes. Subsequent procedures were the same as in the original method.
ANALYSIS OF ALDEHYDES
A Shimadzu QP-5000 version 2 GC/MS system (Shimadzu Corp., Kyoto, Japan) equipped with a DB-1 capillary column ( 30 m × 0.25 mm, 0.25 mm film thickness; J & W Scientific, Folsom, CA, USA) was used for aldehyde analysis. The operating conditions were the same as reported before. 14 The plasma -tocopherol concentration was measured using high performance liquid chromatography (HPLC) with electrochemical detection, according to the method used in our previous report. 15 Plasma total bilirubin was determined using the alkaline diazo-coupling method. 16 The total extra oxygen supplementation for each subject was determined using the following equation:
Comparison of characteristic variables between groups was performed using the MannWhitney U test for continuous variables and Fisher's exact test for categorical data. Intergroup diVerences in plasma aldehyde concentrations were determined using the MannWhitney U test with Bonferroni's adjustment for comparison of multiple time points. Logistic regression analysis was used to evaluate whether plasma aldehyde concentrations on the day of birth were associated with the development of CLD. The estimated coeYcients and odds ratios were given. We also calculated the odds ratios for the relative risk of CLD at a plasma heptanal concentration > 500 nM, a 2-nonenal concentration > 150 nM, and an HNE concentration > 200 nM, within the first 24 hours of life using Fisher's exact test; p < 0.05 was considered significant. Data were analysed using Statview 4.0 (Abacus Concepts Inc., Berkeley, CA) or Statistical Analysis System 6.11 (SAS Institute, Inc., Cary, NC) statistical software packages.
Results
There were no significant diVerences between the infants with and without CLD in gestational age, birthweight, gender, the presence of fetal distress, the delivery method, and the Apgar scores at 1 and 5 mins (table 1) . There were also no diVerences between the two groups in incidence of surfactant administra- tion, modality of ventilation, mean ventilator airway pressure, and total extra oxygen supplementation. Although the duration of intubation and oxygen supplementation was longer in the CLD group, the numbers of infants extubated during the study period did not diVer significantly between the groups. Enteral feeding was started in five CLD and five non-CLD infants by 7 days of life; the diVerence was not significant. Table 2 shows that the order of predominance for aldehydes was hexanal, heptanal, pentanal, HNE. All of the measured aldehydes were raised at both sampling times in the CLD infants compared with the non-CLD infants. The plasma concentrations of heptanal, 2-nonenal, and HNE were significantly increased in CLD infants on the day of birth, but the diVerences between the two groups did not reach significance at 4-6 days of age. The -tocopherol and bilirubin concentrations did not diVer between the two groups throughout the study. Table 3 shows the results of logistic regression analysis to estimate the independent association of the three significantly increased aldehydes on the day of birth with the development of CLD. Each aldehyde was significantly associated with CLD, with HNE topping the list.
The typical distribution of each aldehyde on day 0 is shown in fig 1. From the distribution patterns, we calculated the odds ratio (OR) for each aldehyde using cutoV values of 500 nM for heptanal, 150 nM for 2-nonenal, and 200 nM for HNE in association with the relative risk for the development of CLD (table 4 ). An HNE concentration> 200 nM within 24 hours after birth was the best predictor for the early detection of CLD (OR=32.0, p<0.01), followed by 2-nonenal >150 nM (OR=16.0, p<0.02).
Discussion
Based on the quantitative profiles of aldehydes reportedly formed during autoxidation of fatty acids, such as oleic, linoleic, -linolenic, -linolenic, and arachidonic acid, 17 18 we measured eight aldehydes in this study (pentanal, hexanal, 2-hexenal, heptanal, 2-heptenal, 2-octenal, 2-nonenal, and HNE). Pentanal and hexanal are mainly generated from the peroxidation of linoleic and arachidonic acid, while heptanal is generated from oleic acid, and 2-hexenal from -linolenic acid. 2-nonenal and HNE are also the main peroxidation products of -linolenic and arachidonic acid. 17 Among these aldehydes, HNE has already been widely studied 19 and hexanal has also been reported 20 to be an indicator of lipid peroxidation. It has already been confirmed that not only hexanal, HNE, and MDA, but also other aldehydes, actually increase during peroxidation of rat liver microsomes and in rats loaded with ethanol. 14 17 All of the aldehydes measured in this study were higher in the CLD infants than in the non-CLD infants during the first week of life. The plasma concentrations of heptanal, 2-nonenal, and HNE were significantly increased within 24 hours of birth when compared with those in non-CLD infants. This finding clearly indicates that CLD infants were 
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group.bmj.com on January 27, 2018 -Published by http://fn.bmj.com/ Downloaded from exposed to more severe lipid peroxidation than non-CLD infants on the day of birth. Aldehyde concentrations in umbilical cord plasma are known to be increased in infants with perinatal hypoxia compared with those without it. 21 In this study, however, fetal distress and the Apgar scores were nearly identical in both groups. Thus the diVerence in aldehyde concentrations between the two groups was not attributable to perinatal hypoxia and reperfusion injury.
Excessive lipid peroxidation may be caused by an imbalance between free radical generation and antioxidant defence capacities. However, if excessive free radical formation occurred in CLD infants, this did not seem to be due to hyperoxia itself, because the ventilation method and total extra oxygen supplementation were comparable in the two groups. As rapid influx of neutrophils into the lungs is observed just after delivery in infants with RDS, 22 activated neutrophils may be a primary source of lipid peroxidation inducing free radicals. Although -tocopherol and bilirubin concentrations were almost equal in the two groups, we cannot exclude a decrease in total antioxidant capacity in CLD infants on day 0, because various low molecular weight antioxidants in plasma seem to work synergistically, providing greater protection against free radical damage than could be achieved by any single antioxidant acting alone. 23 Furthermore, we did not investigate the status of important antioxidants such as enzymatic antioxidants or chelators of transitional metal ions.
The diVerences in aldehyde concentrations at 4-6 days of age did not reach significance. Although the number of infants who received enteral feeding within the study period was the same in each group and all were only given breast milk, the eVect of feeding cannot be ignored, because aldehyde concentrations could be influenced by the plasma lipid content. We recommend that future studies consider lipid intake and the timing of blood sampling.
Our most interesting finding was that heptanal, 2-nonenal, and HNE concentrations on day 0 might predict the development of CLD. In particular, an HNE concentration > 200 nM and a 2-nonenal concentration of > 150 nM on the day of birth are excellent indicators for the early detection of CLD. As HNE is known to be highly cytotoxic, 7 it may also have a role as a toxic secondary messenger in the lipid peroxidation process.
Application of the common TBA test to body fluids and tissue extracts poses several problems, [6] [7] [8] the most serious of which is that many chemicals other than MDA act as false positive chromogens. Investigations using the usual TBA test have failed to demonstrate increased concentrations of TBA reactive substances in the serum 9 or lung tissue 10 of CLD infants compared with non-CLD infants.
In contrast to the TBA test, GC/MS analysis of aldehydes is highly specific and sensitive, 6 and is believed to be one of the most precise methods currently available. A fundamental diYculty of measuring aldehydes is that most commercial HPLC grade organic solvents contain aldehyde contaminants. 24 Therefore, we oVset aldehyde contaminants in the solvent by running a blank every 10 samples. Furthermore, the method used in this study could not be applied to the measurement of MDA, which is reported to be another major aldehyde formed during lipid peroxidation. 17 Using a specific HPLC method, the serum concentration of MDA-TBA complexes was significantly higher in CLD infants than in non-CLD infants at 7 days of age. 11 In the case of hydrocarbon gases, another highly specific marker, a close correlation between free radical induced lipid peroxidation and outcome for very low birthweight infants with RDS has been demonstrated by quantitating ethane and pentane in expired air during the first five days of life. 25 These reports are consistent with our present findings.
To our knowledge, no previous studies have assessed the same aldehydes in newborn infants, except for HNE. Recently, Schmidt et al determined the HNE concentration in umbilical cord serum from neonates using HPLC. 21 According to their report, HNE concentrations increased with gestational age and the HNE concentration at 33 weeks of gestation was about 100 nM. This value is comparable with our data on HNE concentrations on the day of birth in both groups, despite the diVerence in analytical methods. Furthermore, the order of predominance and the approximate range of plasma aldehyde concentrations were almost identical with those recently reported by Yazdanpanah et al, 26 who measured 18 aldehydes by GC/MS in children with various cancers.
The most prominent pathological change occurring in CLD infants is the overproduction of connective tissue. There has been increasing clinical evidence of the involvement of oxidative stress and lipid peroxidation in various fibrotic conditions aVecting the liver, lungs, arteries, and nervous system. A growing body of data show that lipid peroxidation and aldehydic end products, such as HNE, induce genetic over expression of fibrogenic cytokines, especially transforming growth factor , as well as increased transcription and synthesis of collagen. 27 Kotecha et al reported increased concentrations of transforming growth factor -1 in the bronchoalveolar lavage fluid of CLD infants. 28 Therefore, aldehydes such as HNE may be a possible fibrosis inducing factor, and the significant increased concentrations of some aldehydes in CLD infants may be an important direct link to the development of this condition beyond the mere fingerprint of lipid peroxidation. Further studies are needed to clarify the precise eVect of lipid peroxidation on fibrotic changes in the lungs of CLD infants.
We conclude that significantly increased plasma concentrations of some aldehydes in CLD infants on the day of birth strongly suggest the involvement of free radicals in the development of CLD. Furthermore, plasma HNE and 2-nonenal concentrations within 24 hours of birth seem to be excellent predictors for the early detection of CLD. These data may
